The ability of autonomous transmissible plasmids or sex factors to transfer chromosomal genes to F-recipient bacteria has been investigated by using a series of rec+ and recA-donor strains. rt is concluded that chromosome transfer by most sex factors is virtually dependent upon the functional integrity of the bacterial recombination system. However, evidence is presented that suggests the existence of plasmid-specified mechanisms of interaction with the chromosome which are independent of the bacterial recombination system.
In bacterial crosses mediated by the sex factor F of Escherichia coli K-12, recombinants inheriting donor chromosomal genes are sired at a frequency of 10-4 to 10-6 per donor cell (1, 18, 34) . Jacob and Wollman (20, 21) proposed that the fertility of F+ cultures is due entirely to the formation of rare stable Hfr clones in which F has integrated into the bacterial chromosome. This hypothesis was based on the results of fluctuation tests and the isolation of Hfr donors from fertile cultures. On the other hand, Broda (2) , Curtiss and Stallions (Bacteriol Proc., p. 55, 1968) , and Curtiss and Renshaw (9, 10) claimed that only 10 to 20% of the fertility of an F+ culture can be accounted for by the formation of stable Hfr clones. The formation of Hfr donors from F+ cells was accounted for by the Campbell (4) model which postulated that integration of episomes in general results from a single, reciprocal recombination event between a circular molecule of episomal deoxyribonucleic acid (DNA) and the circular bacterial chromosome. In fact, subsequent studies of the interactions of the sex factor with the bacterial chromosome, and especially of the formation of F-prime factors, have confirmed the validity of the model (3, 31, 32) . Accordingly it has become widely assumed that such a recombination event between transmissible plasmids and the chromosome is a prerequisite for chromosome transfer. The involvement of the bacterial host recombination (rec) system in the mobilization of chromosomal genes by some transmissible plasmids was examined by Clowes and Moody (7) who concluded that the rec function was required for virtually all the fertility of F-like donor cultures after allowing for the slightly reduced efficiency of recA donor strains in conjugation. This analysip of chromosome transfer has been extended to include both Flike and I-like transmissible plasmids of colicinogenic and resistance transfer factors.
MATERIALS AND METHODS
The transmissible plasmids used in this study are listed in Table 1 . These plasmids were used to infect recombination-proficient and recombination-deficient F-strains to create a series of donor cultures (see Table 2 ).
All bacterial cultures and crosses were made in Oxoid no. 2 nutrient broth (25 g/liter, pH 7.2). Viable counts were made and Col+ and R+ bacteria were identified on nutrient agar (Oxoid no. 2 nutrient broth solidified with 1.5%, w/v, Davis New Zealand agar). R+ bacteria were selected by supplementation with the appropriate antibiotic; colonies of Col+ bacteria were recognized by the double overlay technique of Monk and Clowes (26) . Recombinants for nutritional markers were scored on minimal agar [minimal salts (x4) diluted with three parts of water-agar, glucose added to 0.2%; minimal 4 .0 ml of overnight culture of a recipient which was diluted 10-fold in 250-ml Erlenmeyer flasks, followed by very gentle aeration at 37 C for 60 min. Samples were then diluted and plated for recombinants on the appropriate selective media. F-phenocopy preparations were made by suspending in nutrient broth a very heavy inoculum, scraped from overnight nutrient agar plate cultures at 37 C, and breaking up the cell clumps with a Whirlimixer before mating.
Extrachromosomal and chromosome transfer by rec+ and rec-donor strains was measured by mixing 1.0 ml (2.0 x 101 to 3.0 x 108/ml) of donor culture with 9.0 ml (2.0 x 101 to 3.0 x 108/ml) of recipient culture in a 250-ml flask at 37 C for 60 min with very gentle aeration. Samples were then diluted and plated on the appropriate media. The crosses were made in triplicate for all the rec-donors to ensure that a reasonably large number of recombinants was examined. Plates were picked at random from each cross, and all of the recombinants were scored to show that they were genuine recombinants.
RESULTS
Efficiency of recombination-deficient strains as recipients in Hfr crosses. It is important in this analysis that the defective bacterial recombination system in the recstrains is not complemented by the presence of any of the transmissible plasmids. The recipient capacity of these recombination-deficient plasmid-carrying bacteria was measured in an Hfr cross with HfrP13 used as the donor strain. Selection was made for the proximally transferred Hfr marker, met+B. The results are shown in Table 3 .
The control crosses with the rec+F-recipient yielded 8.5 x 10-1 met+B nalA recombinants, as compared with only 2.1 x 10-5 for the recA F-recipient. The ability of both rec+ and rec-strains to produce recombinants is further diminished by the presence of some of the plasmids. The decrease is presumably due to the phenomenon of surface or entry exclusion since these particular plasmids are related measure chromosome transfer. The W1655 rec+ and recA donor strains were crossed with J62 proA his trp strA F-(8), three recombinant classes (pro+A strA, his+strA, and trp+ strA) being selected in a 60-min mating experiment at 37 C. The results are shown in Table 5 . With certain exceptions discussed below, the frequencies of recombinants sired by the recA donors were generally very much lower than in the case of the corresponding rec+ donor strain. The interesting feature of these crosses was that, regardless of the frequency of recombinants sired by the different rec+ donor strains, those yielded by the recA strains were very similar, ranging from 1.0 x 10-i to 1.1 x 108. This low level of residual chromosomal transfer from recA donors is similar to the frequency of chromosomal transfer by the ColIbdrd donors, where transfer is apparently not affected by the recombination deficiency of the donor strain. This is also true of chromosome transfer by Rldrdl9, although here the frequency of transfer is much higher than that of ColIb, the Collbdrd plasmid producing recombinants at a frequency of 1.0 x 10-I to 7.0 x 10-9 as compared with 5.0 x 10-i to 15 .0 x 10'-for trp+ recombinants by Rldrdl9. This R factor has been shown to transfer the chromosome from an apparently fixed origin, near the genes for tryptophan biosynthesis (30) . The other genetic markers proA and his, although not transferred as efficiently as the trp genes, also show no reduction in transfer from the Rl recA donor. DISCUSSION Bacteria that are mutant at recA are defective in recombination when used as recipient strains in crosses with Hfr donor bacteria (5, 19) . The observed reduction in their capacity to act as recipient strains is not due to an inability to accept genetic material from a donor strain because the transfer of the prophage X by a lysogenic Hfr occurs normally to recA Frecipients, as judged by the frequency of zygotic induction (5). Moreover, no difficulty was experienced in the infection of these recA bacteria with the transmissible plasmids used in these experiments.
All the recA donor bacteria are able to form conjugal contacts and to transfer their autonomous plasmids to recipient strains, with an efficiency almost equal to the equivalent rec+ donor (Table 4) . Thus, the only property that is severely affected by the recA mutation is chromosome transfer. This reduction in the ability to sire recombinants is consistent with the idea that the major part of observed chromosome transfer by most transmissible plasmids is dependent upon the bacterial rec system which mediates a recombination event between the plasmid and the bacterial chromosome. This recombination event may not necessarily be a reciprocal genetic exchange which integrates the transmissible plasmid because, in the case of F, it has been suggested that the formation of Hfr donors may account only for 10 to 20% of the observed fertility (2, 9, 10; and Curtiss and Stallions, Bacteriol. Proc., p. 55, 1968). Moreover, Evenchik, Stacey and Hayes (12) have shown that the induction of chromosome transfer which follows irradiation of F+ cultures with ultraviolet light, although dependent on the bacterial rec+ function, is not due to the production of stable Hfr donors. If the major part of chromosome transfer is rec+-dependent, what then is the mechanism involved in the low level of residual transfer from a recA donor strain? Leakiness of the recA mutation is unlikely, since this would lead to a constant rec+-to-recA ratio of the recombinants produced. The loss of polarity of transfer by an F lac+ donor which is recA- (7) also argues against leakiness of the recA mutation, since a mere diminution in the efficiency of the recA function should not affect the specificity of the integration site of the F lac factor.
The transfer of chromosome by the plasmids Collbdrd and Rldrdl9 is unaffected by the presence of the recA mutation in the donor strain, implying that transfer mediated by these plasmids is by a mechanism that is independent of the bacterial rec system. Perhaps this same rec-independent mechanism is responsible for the residual transfer by the other recA donor strains. Since ColIb can mediate the transfer of nontransmissible plasmids such as ColEl and ColE2 (33) without any structural association between them, it could perhaps transfer chromosomal material in the same way, providing only a means of making effective contacts with recipient strains which might then be followed by the passive transfer of chromosomal fragments (6, 7) . In fact, the ColIb plasmid appears to possess no demonstrable ability to integrate into the chromosome (11; Moody, unpublished data). However, the concept of spontaneous fragmentation of the chromosome and the passive transfer of a fragment into a recipient strain is not an appealing one since such a mechanism could hardly achieve the efficient transfer of the trp+ genes mediated by Rldrdl9, the other rec-independent plasmid showing transfer. It seems 
